Background
Ischemia caused by the interruption of heart blood flow lead to significant damage to myocardial cells, contrary to this, subsequent reperfusion also activates various injury responses and further tissue damage; these injuries are referred to as ischemia-reperfusion (I/R) injury [1] . Ischemic heart disease has been one of the worldwide health problems accompanied by high morbidity and mortality in recent years [2] . After myocardial ischemia, myocardial I/R injury brings about adverse cardiovascular outcomes including myocardial systolic dysfunction, cardiac electrophysiology disorder, and myocardial necrosis [3] , as well as leading to direct destruction of myocardial cells [4] . Therefore, it is essential to explore myocardial I/R injury in detail in order to provide effective treatment strategies.
MicroRNAs (miRNAs) are a group of small non-coding single-stranded RNA molecules with 18-25 nucleotides, acting as negative regulators of gene expression by restraining the translation of mRNA and/or encouraging mRNA degradation by complementary base-pairing with 3-untranslated regions (3-UTRs) [5] . Recently, miRNAs have been recognized as a key regulator in the occurrence and development of diversified cardiovascular diseases [6] , such as myocardial hypertrophy [7] , coronary atherosclerosis [8] , and acute myocardial infarction [9] . Accordingly, numerous studies focus on miRNAs as having a pivotal role in the myocardial functions such as contraction and morphogenesis [10] , as well as being involved in the progression of myocardial I/R damage [11] . For example, Wang et al. declared that miR-125 was able to protect the myocardium from I/R damage by preventing p53-mediated apoptotic signal pathway and inhibiting TRAF6-mediated NF-kB activation [12] . Liu et al. reported that knockdown of miR-27 promoted cardioprotective effect on relieving myocardial I/R damage via ABCA1 and NF-kB signaling pathway in both cellular and animal models [13] . MiR-149 has been well characterized in many cardiovascular diseases including myocardial infarction [14] , congenital heart disease [15] , and coronary heart disease [16] , of which I/R injury played a key role in relevant pathological processes. Additionally, the miR-149 polymorphisms were previously verified to be associated with ischemic stroke pathogenesis, which also might be involved in progression of I/R damage [17] . However, the special role and the underlying mechanism of miR-149 during the development of cardiac I/R injury was still unclear.
Pyroptosis is a pro-inflammatory programmed cell death, associated with the release of cytokines such as interleukin-1b (IL-1b) and interleukin-18 (IL-18), which recruit inflammatory cells and expand the inflammatory response [18] . The abnormal inflammatory reactions can further lead to many pathological mechanisms including oxidative stress damage, ultimately leading to organ damages [19] . NLR family pyrin domain containing 3 (NLRP3) inflammasome is recently recognized as a multiprotein complex consisting of NLRP3, apoptosis-associated speck-like protein containing a caspase-1 recruitment domain (ASC) and caspase-1, and the latter also have been investigated as a vital enzyme to the biological process during pyroptosis [20] . The cell formation was simulated by caspase-1 activation, which subsequently resulted in production and releasing of pyroptosis related inflammatory factors [21] . Many studies reported that pyroptosis was participated in multiple pathophysiological processes and diseases, including atherosclerosis [21] , epilepsy [22] , and Alzheimer's disease [23] , however, only a few articles have reported its role in process of myocardial I/R injury.
In the present study, we tried to explore the function and possible mechanisms of miR-149 on regulation during myocardial I/R damage. As expected, our findings supposed that miR-149 aggravated cell pyroptosis by targeting forkhead box O3 (FoxO3), describing a new pathogenesis in myocardial I/R damage.
Material and Methods
Cell culture and I/R treatment Myocardial cell line H9C2 was obtained from Institute of Biochemistry and Cell Biology of Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China) and incubated in RPMI-1640 medium (Gibco, USA) containing 10% heat-inactivated fetal calf bovine serum (FBS, Gibco, USA) in 5% CO 2 at 37°C. The cells were first exposed to hypoxia for 2 hours and then aerobically cultured for 12 hours to establish the I/R cell model.
For cell transfection, miR-149 mimics, miR-149 inhibitor, scramble and si-FoxO3 was all obtained from Ribobio (Guangzhou, China). Then 50 nM miR-149 mimics, 50 nM miR-149 inhibitor, or 100 nM si-FoxO3 were transfected into H9C2 by employing Lipofectamine 2000 (Invitrogen, USA) following manufacturer's specification. After 4 8-hour transfection, the cells were harvested for further analysis.
Cell viability assay
In briefly, the transfected H9C2 cells were first seeded in 96-well plates (5×10 3 cells/well) and then incubated with Cell Counting Kit-8 (CCK8) solution (10 μL/well, Sigma, USA) for an additional 2 hours at the end of the indicated time. Next, a microplate reader (Molecular Devices, USA) was utilized to measure the absorbance at 450 nm. 
Detection content of superoxide dismutase (SOD) activity and malondialdehyde (MDA)
The superoxide dismutase (SOD) activity and malondialdehyde (MDA) content were measured in I/R treated-H9C2 cells for evaluating oxidative stress. The concentration of MDA and SOD activity was detected with MDA assay kit (Beyotime, China) and Total Superoxide Dismutase Assay Kit (Beyotime, China) respectively.
Western blot
The cells were first lysed with ice-cold RIPA buffer (Beyotime, China). Next, the extracts was transferred to the polyvinylidene difluoride (PVDF) membranes (Millipore, USA) following by blocking 5% non-fat milk powder and then incubated with the primary antibodies as follow: anti-NLRP3 (1: 1000, Abcam, UK), anti-caspase 1 (1: 1000, Abcam, UK), anti-IL-1b (1: 1000, Abcam, UK), anti-IL-18 (1: 1000, Abcam, UK), anti-FoxO3 (1: 1000, Abcam, UK), and anti-GAPDH (1: 5000, Abcam, UK) overnight at 4°C. Thereafter, the secondary antibody conjugated with horseradish peroxidase (Abcam, UK) was added into the solutions and incubated for 1 hour. Chemiluminescent detection was performed using an enhanced chemiluminescence (ECL) system (GE Healthcare, USA) and analyzed by ImageJ software (Rawak, Germany). All the blot intensities were normalized with that of loading control GAPDH.
Quantitative real-time quantitative polymerase chain reaction (qRT-PCR)
Total RNA was isolated from cells using the TRIzol ® Reagent (Invitrogen, USA) and reversed transcribed to cDNA using Transcriptor First Strand cDNA Synthesis Kit (Roche, Shanghai). The amplification consisted of a real-time polymerase chain reaction (RT-PCR) performed on a CFX96 RT-PCR system (Biorad, Hemel Hempstead, UK) using SYBR Green Realtime kit (Takara, Japan) according to manufacturer's specification. U6 and GAPDH were used as an endogenous control. The primers are shown in Table 1 .
Immunofluorescence staining
Briefly, the transfected H9C2 cells were rinsed with phosphatebuffered saline (PBS) and then fixed with 4% paraformaldehyde for 25 minutes at 37°C. After adding blocking solution (1% bovine serum albumin and 0.1% Triton-X in PBS), the cells were incubated with primary antibodies against FoxO3 (1: 500, Abcam, UK) and caspase-1 (1: 500, Abcam, UK) overnight at 4°C. Subsequently, the cells were inoculated with corresponding secondary antibodies (1: 200, Abcam, UK) at room temperature for 2 hours, whereas nuclei were detected by DAPI (4',6-diamidino-2-phenylindole) stain (Sigma-Aldrich, USA). Immunofluorescence was captured by using fluorescence microscope (LSM 700; Carl Zeiss GmbH; Germany).
Luciferase assay
We first predicted that the miR-149 could act on the 3'-untranslated region (UTR) of FoxO3 and influence its biological activity using biochemical information database. Next, we cloned and amplified wild-type (WT) or mutant (MUT) segments of the into luciferase reporter plasmids (Promega, USA). Then, the cells were co-transfected with luciferase reporter plasmids and miR-149 mimics or miR-149 inhibitors using Lipofectamine 2000 (Invitrogen; USA). After 48-hour transfection, the luciferase activities of the cells were measured using a luciferase assay kit (Promega, USA) following manufacturer's guidance.
Statistical analysis
All data are presented as the mean±standard deviation (SD) pattern and all statistical analyses were implemented using cDNA Forward primer Reverse primer 
Results
The pyroptosis happened in I/R-treated H9C2 cells
We investigated the influence of I/R damage on H9C2 cells. Our results showed cell viability and SOD were significantly decreased in H9C2 cells after I/R treatment compared with that of control cells ( Figure 1A, 1C ), whereas cell apoptosis marker MDA level was conspicuously increased in I/R group ( Figure 1B) . To further explore the effect of pyroptosis on myocardial I/R injury, we detected the caspase-1 expression in I/R treated H9C2 cells using immunofluorescence, which found the fluorescence intensity of caspase-1 was dramatically upregulated ( Figure 1D ). Additionally, the expression of NLRP3, caspase-1, IL-1b, and IL-18 were also remarkably ascending in I/R simulated H9C2 cells compared with controls ( Figure 1E-1G ). Collectively, our data indicated that pyroptosis might occur in H9C2 cells after I/R treatment.
MiR-149 and FoxO3 were involved in myocardial I/R injure
To investigate the effect of miR-149 and FoxO3 on the process of pyroptosis, we first measured their expression in I/R treated H9C2 cells. Compared to the control group, we found that miR-149 was significantly upregulated in I/R-treated H9C2 cells ( Figure 2A ). However, after I/R treatment in H9C2 cells, we observed an extreme decline of FoxO3a in mRNA and protein levels ( Figure 2B-2D ). Moreover, we affirmed the downregulation of FoxO3 in I/R-treated H9C2 cells by using immunofluorescence assay ( Figure 2E ). Therefore, we supposed that miR-149 and FoxO3 might participate in the process of myocardial I/R injury.
MiR-149 regulated pyroptosis in I/R-treated H9C2 cells.
We verified the transfection efficiency of the miR-149 mimics and miR-149 inhibitor (Figure. 3A) . Then we investigated cell proliferation in I/R-treated H9C2 cells transfected with miR-149 mimics or miR-149 inhibitor. As illustrated in Figure 3B , over-expression of miR-149 significantly suppressed cell growth, while knockdown of miR-149 had an opposite effect. Furthermore, we detected the pyroptosis and inflammatory related genes as NLRP3, caspase-1, IL-1b, and IL-18 in I/R-treated H9C2 cells transfected with miR-149 mimics or miR-149 inhibitor. Our results implied that NLRP3, caspase-1, IL-1b, and IL-18 were greatly upregulated by miR-149 mimics and downregulated by miR-149 inhibitor in both mRNA and protein levels ( Figure 3C-3E ). Taken together, we suggested that miR-149 might regulate pyroptosis in I/R-treated H9C2 cells.
MiR-149 targeted FoxO3 in I/R-treated H9C2 cells
In order to detect the relationship between miR-149a and FoxO3a, we next carried out a series of experiments. We had predicted a conserved binding site for miR-149 at the 3'-UTR of the FoxO3 using bioinformatics analysis ( Figure 4A ). As illustrated in Figure 4B , luciferase assays showed that FoxO3 was a target gene of miR-149. To determine the effect of changes in miR-149 expression on FoxO3, we further measured the expression of FoxO3 in I/R-treated H9C2 cells which transfected miR-149 mimics or miR-149 inhibitor. Our data revealed that expression of FoxO3 was dramatically downregulated in I/R-treated H9C2 cells transfected miR-149 mimics, while the protein and mRNA levels of FoxO3 were increased in miR-149 inhibitor group ( Figure 4C-4E ). Furthermore, we also validated the FoxO3 expression was evidently downregulated in I/R-treated H9C2 cells with transfection of miR-149 mimics and upregulated in the miR-149 inhibitor group by using immunofluorescence ( Figure 4F, 4G ). Hence, these data indicated that FoxO3 was a directly target for miR-149.
MiR-149 regulated I/R-treated H9C2 cells pyroptosis via FoxO3
We confirmed a successfully effect on knockdown FoxO3 by using si-FoxO3 ( Figure 5A-5C ). Next, we performed CCK8 assay to test cell proliferation in I/R-treated H9C2 cells co-transfected with either miR-149 inhibitor or inhibitor-NC and si-FoxO3 or si-NC. As shown in Figure 5D , knockdown of FoxO3 suppressed H9C2 cell proliferation, which could be rescued by co-transfection of miR-149. Besides, FoxO3 knockdown upregulated the expression level of pyroptotic and inflammatory related genes as NLRP3, caspase-1, IL-1b, and IL-18, which also could be attenuated by down-expression of miR-149 ( Figure 5E-5G ). Our findings suggested that miR-149 might exert its effects on pyroptosis in I/R-treated H9C2 cells via FoxO3a.
Discussion
Despite advances in prevention and treatment of ischemic heart disease, it still maintains higher morbidity and mortality rates [24] . Thrombolytic therapy or percutaneous coronary intervention is the only standard therapy for myocardial reperfusion. However, in the first year after infarction, the patient might develop complications [25] , such as cardiogenic shock, hospital mortality, unstable angina, left ventricular remodeling, recurrent myocardial infarction, or heart failure rehospitalization [26] . Myocardial I/R injury is currently recognized as a main cause of such complications, which contain multiple molecular mechanisms [27, 28] , such as intracellular pH changes, opening of the mitochondrial permeability transition pore (mPTP), intracellular calcium overload, production of the oxidative stress by reactive oxygen species (ROS), and inflammation modulated by the various cytokines and the complement system through the ROS [29] , resulting in diversified forms of myocardial cell death [30] . Therefore, multitudinous therapeutic interventions were frequently proposed to prevent myocardial I/R injury, however, their translation to the clinical practices was rather limited due to the unexpected absence of most ischemic events [31] .
Currently, increasing evident indicated that pyroptosis, morphologically characterized by inflammatory related intracellular programmed death, might be involved in cardiac 1/R injury [32] , for example, Ye et al. highlighted that inhibition of TLR4/MyD88/NF-kB/NLRP3 inflammasome pathway mediated pyroptosis could alleviate myocardial I/R injury in both cellular and animal models [33] . The causes of pyroptosis in I/R damage progression considered that I/R might offer a combination of priming and triggering which subsequently activated the inflammasome pathway [34] . Indeed, the expression of pyroptotic indicator as NLRP3 was found to be remarkable increased after reperfusion resulting in cell death, a process which contributed to activate caspase-1 in response to endogenous and exogenous danger signals, leading to product and maturate pro-inflammatory cytokines IL-1b and IL-18 during innate immunity process [33] . Meanwhile, it has been shown that caspase-1 could form pores in the cytomembrane, allowing water to enter the cell, causing cell swelling and eventual lysis [32] . The currently views are that the factors associated with the inflammasome NLRP3 release during myocardial I/R injury include ROS, mitochondrial dysfunction, K + efflux and cell volume regulation [34] . Hence, pyroptosis gradually has come to be considered a crucial modulator of the inflammatory response to I/R injury, whilst a variety of incentives generated from I/R could enhance pyroptotic process. Similarly, our results indicated that the level of NLRP3 and its downstream genes (caspase-1, IL-1b, and IL-18) were prominently upregulated in I/R-stimulated H9C2 cells, representing pyroptosis which might be involved in the process of cardiomyocyte 1/R injury. of studies rationally speculated that dysregulated miRNAs in the early phase of reperfusion might be relative to oxidative stress, whist miRNAs occurring in the later phase of reperfusion might result in ischemic postconditioning or function as compensatory mechanisms [42] . Accordingly, myocardial I/R-related miRNAs have been recognized in modulating several important segments in cardiomyocyte function such as programmed cell death, inflammation response, fibrosis, and neoangiogenesis, which could lead to ischemic heart disease, cardiac fibrosis, or hypertrophy [12, 17, 38] .
MiR-149 was previously implicated in tumor progression through the regulation of the proliferation, migration, and even the invasion in cells [43] . However, the effect of miR-149 on I/R injury was still not fully explained; Wan et al. reported that miR-149-5p might function as a potential target for treatment of blood-brain barrier disruption after ischemic stroke [17] .
In our study, we first revealed that the expression of miR-149 was upregulated in H9C2 cells when subjected to I/R treatment, which was supposed to function as a vital role in cardiac I/R injury. [45] . Consistent with these study results, our data showed that miR-149 could regulate pyroptosis and inflammation in I/R-treated H9C2 cells and served as a pyroptotic promoter in I/R injury.
FoxO3, which belongs to the transcriptional adjustment factor of the fork head family, has been convinced of express in developmental and adult cardiomyocytes [46] . FoxOs plays a vital role in cardiomyocyte size regulation by inhibiting hypertrophy and inducing autophagy, which also can facilitate cell cycle withdrawal by activating the p27KIP1 and p21CIP1 which act as cell cycle inhibitor genes during the neonatal period [46] . Numerous studies have reported that FoxOs is able to fight oxidative stress by regulating SOD2, and acts as an antioxidant gene in a variety of cell types [47] . FoxO3 has been identified in co-expression in cardiomyocytes and coordinately regulated under starvation conditions or during neonatal cell cycle withdrawal [47] . Current studies have reported that the deficiency of FoxO3 was specifically response for increasing oxidative damage and decreasing myocardial function after acute I/R injury [48] . The lack of FoxO3 resulted in the development of premature ovarian failure and mild hemolytic anemia as well as cardiac hypertrophy in a mouse model [49] . It has been reported that FoxO3 takes part in the promotion of cellular growth and the suppression of cellular death in I/R diseases [49] . In our present study, we also found that miR-149 participated in cardiac I/R injury via targeting FoxO3 directly and regulating cardiac cell pyroptosis and inflammation. Likewise, we further predicted that miR-149 might stimulate the FoxO3 mediated antioxidative stress signaling pathway, which could feedback to regulate the pyroptosis process in I/R-induced cardiac cells; the dysfunction of FoxO3 would destruct its subcellular distribution between the nucleus and the cytoplasm, giving rise to obstruct cardiovascular and metabolic homeostasis.
Conclusions
Our findings offered the adequate evidence that pyroptosis of cardiomyocyte in I/R injury was regulated by miR-149 via directly targeting of FoxO3, providing a novel therapeutic target for cardiac I/R injury.
